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Abstract
We report the establishment and characterization of immortalized human fetal liver progenitor cells by expression of the Simian
virus 40 large T (SV40 LT) antigen. Well-characterized cells at various passages were transplanted into nude mice with acute
liver injury and tested for functional capacity. The SV40LT antigen-immortalized fetal liver cells showed a morphology similar
to primary cells. Cultured cells demonstrated stable phenotypic expression in various passages, of hepatic markers such as
albumin, CK 8, CK18, transcription factors HNF-4a and HNF-1a and CYP3A/7. The cells did not stain for any of the tested
cancer-associated markers. Albumin, HNF-4a and CYP3A7 expression was confirmed by reverse transcription polymerase
chain reaction (RT-PCR). Flow cytometry showed expression of some progenitor cell markers. In vivo study showed that the
cells expressed both fetal and differentiated hepatocytes markers. Our study suggests new approaches to expand hepatic
progenitor cells, analyze their fate in animal models aiming at cell therapy of hepatic diseases.
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Introduction

Cultured human fetal liver cells (hFLCs) are unique
in their potential utility in understanding molecular
events of cell engraftment and differentiation in cell
therapy. Even though they have an extended life-
span compared to adult primary cells, they lose their
ability to divide and enter senescence after a finite
number of population doublings. To study the in vivo
fate of cells, for example, proliferation, engraftment
and differentiation require large numbers of cells with
reproducible quality. Thus, a renewable source of cells
that is constant and can be expanded into large number
is necessary. Primary cultures from explanted animal
or human tissue do not fulfill such needs [1–3].
In order to obtain cells with an extended replicating

capacity, immortalized cells are needed. Such cells
can be created by induction of oncogenes or down-

regulation of tumor suppressor genes. One way to
break senescence and induce immortality is through
overexpression of the SV40 LT antigen [4]. SV40 LT
has been shown to be the simplest and most reliable
agent for the transformation of many different cell
types in culture, and its mechanisms of action are well
studied. For the most part, viral genes achieve immor-
talization by inactivating tumor suppressor genes such
as p53, Rb and others, which can induce a replicative
senescent state in cells [5].
Under standard culture condition, it is observed

that human fetal hepatocytes can proliferate up to 12–
14 passages before entering a growth arrest phase [6]
during which the cells exhibit protruded elongations
with a large, more flattened and irregular shape [7].
This phenotype is referred to as a marker of senes-
cence [8,9]. It has proven difficult to establish con-
ditions to support long-term primary cultures of adult
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human liver. Kobayashi et al. established several
immortalized hepatocyte lines derived from human
fetal or nonhuman adult hepatocytes [3,10]. Immor-
talized hepatocytes retain some of the differentiated
features of normal primary hepatocytes in culture,
including the expression of albumin (ALB), transfer-
rin, hemopexin and glucose-6-phosphatase (G-6-P).
Further, these cells do not produce detectable
a-fetoprotein or show characteristics of fetal or abnor-
mal liver cells [3,10,11]. Similar results were obtained
by the Andres research group [12]. They established
two immortalized hepatocyte lines from normal
human liver cells following transformation with the
SV40 LT antigen. These cell lines, which lacked
tumorigenic properties, expressed many mature hepa-
tocyte markers and possessed enzymatic pathways
responsible for xenobiotic metabolism.
Early fetal hepatoblasts, found in the developing

liver, are good candidates for generation of liver
progenitor cell lines by means of conditional immor-
talization. Such cells will be of great interest to study
the molecular events involved in their proliferation
and differentiation in vitro as well as their fate in vivo
after transplantation in the livers of recipient mice.
Therefore, in this study, we immortalized human fetal
hepatocytes and succeeded in establishing a reliable
cell line, in which all the hepatic markers and hepatic
transcription factors remained unaltered over several
passages.

Materials and methods

hFLCs preparation and culture

Principles of Laboratory Animal Care (http://www.
jordbruksverket.se/) were followed, as well as specific
national laws (e.g., the current version of the Swedish
Law on the Protection of Animals) where applicable.
Primary hFLCs were collected from a legally aborted
human fetus 6.5 weeks of gestational age. A single cell
suspension was prepared as described earlier [7]. Also
see supplement S1.

Construction of the CMV/SV40LT/PAC plasmid

The SV40 LT cDNA was amplified by PCR from a
plasmid containing its full length sequence using
5¢-cgc ggg ctc gag acc atg gat aaa gtt tta aac-3¢ and
5¢-cgc ggg gcg gcc gct tta tgt ttc agg ttc agg-3¢ as
forward and reverse primers, respectively. The vector
used to generate stable transfectants were bidirec-
tional having the Spleen focus-forming virus (Sffv)
long terminal repeat (Ltr) upstream of a polylinker,
a splice donor and acceptor site, and the bidirec-
tional poly(A) addition signal of SV40; opposite in

orientation to this transcription unit, and utilizing the
poly(A) signals from the opposite direction was
a second transcription unit consisting of the HSV
TK promoter followed by the coding sequences for
puromycin acetyltransferase (Sffv/PAC; N. Chiu,
J. Holgersson and B. Seed, unpublished). The
SV40LT cDNAs was swapped into the Sffv/PAC
vector using Xho I and Not I. Thereafter, the Sffv
Ltr was removed and the IE CMV promoter from
CDM8 cloned into the vector using Spe I and Xho I,
thus creating CMV/SV40LT/PAC. Please see Sup-
plement S1 for details of the transfection assay.

Growth assay

Stable transfected SV40 LT-HFL cells cultured for
2.5 months in passage 9 were seeded in collagen-
coated 6-well plates (BD Biosciences, NJ, USA) at a
density of 80,000 cells/well and the growth was fol-
lowed for 7 days. Culture medium was changed every
third day. At 24-h intervals, cells were detached, spun
at 200 g for 5 min and cell numbers in triplicates were
determined by a manual hemocytometer. Population
doubling time (PDT) was calculated at the time of
exponential growth (log phase), that is, between 48 h
and 96 h after initial plating.

Detection of hepatic markers

Hepatic markers expressed by the transfected SV40
LT-HFL cells were determined in early and late
passages using three different assays: a) immunocy-
tochemical analysis, b) RT-PCR and c) flow cytome-
try (see supplement S1 for details). Liver-specific
markers such as G-6-P and glycogen were demon-
strated in transfected cells as described earlier [13,14].

Transplantation studies

The animal care and ethics committee at Sahlgrenska
University Hospital in Gothenburg, Sweden approved
of the animal protocols. Liver injury was induced in
8-weeks-old nude male Balb/C mice (n = 10) by
administration of D-galactosamine (GalN) (Sigma
Chemicals Co., Gothenburg, Sweden) intraperito-
nially at 0.7 g/kg body weight [15]. GalN was dis-
solved in phosphate-buffered saline, pH 7.4 (PBS) at
100 mg/ml. Under general anesthesia all animals
underwent 30% partial hepatectomy (removal of
left lobe) 36 h after GalN treatment. SV40 LT
HFL cells with a viability of 95% in passage
22 were transplanted into the spleens of these animals.
Animals were anesthetized under isofluorane and 2 �
106 cells in 200 ml of Dulbecco’s modified eagle
medium (DMEM) were injected into the spleen of
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Tx group (n = 5) over approximately 10–15s. How-
ever, sham group (n = 5) received only DMEM
medium with no cells. After securing hemostasis,
the abdominal incision was closed and the animals
were monitored closely until recovery.

Post transplantation organ retrieval and analysis

Mice were sacrificed 4 weeks after transplantation and
their livers, spleen and lungs were excised. The liver
tissue was shock frozen in liquid nitrogen for fluores-
cence and immunohistochemical analyses. Cryosec-
tions, 5 mm in thickness, were air dried and fixed with
cold 30% acetone in methanol for 10 min and further
analyzed by immunohistochemistry.

Immunohistochemistry

The tissue slides were incubated overnight at 4�Cwith
antibodies specific for human nuclear antigen (1:100,
Millipore, Stockholm, Sweden), human c-Met
(1:100, RDI, Concord, MA, USA), human a-feto-
protein (1:200), human CK8 (1:200), human CK18
(1:200), human CK19 (1:200), human hepatocyte-
specific antigen (1:100, all antibodies from AH diag-
nostics) and anti-p53 (1:100, antibodies-online
GmbH) and anti-BER EP4 (Dako). The rest of the
procedure is described by us in detail elsewhere [7].
For details, please see supplement S1.

ELISA

Human albumin concentration in serum samples of
Tx, sham and normal animal groups was measured
using ELISA (enzyme-linked immunosorbent assay)
Quantitation Kit (Bethyl Laboratories Inc,Montgom-
ery, TX) according to the manufacturer’s protocol.
Absorbance was read at 450 nm using an ELISA plate
reader (Synergy H4, Hybrid Reader, Biotek). Also see
supplement 1.

Results

Generation and growth of SV40 LT antigen-
immortalized hFLCs

Colonies of cells grew in the selection marker puro-
mycin and these cells were passaged onto new culture
flasks and handled as separated bulk clones. So far, we
have investigated cells in one of the bulk clones. To
investigate whether immortalized cells retain the
morphologic characteristics of primary liver cells,
the cells were examined by phase contrast microscopy
(Figure 1). Immortalized hepatocytes grew in clusters
of closely apposed cells of typical morphology includ-
ing large size, poly- or hexagonal shape and with more
than one nucleus (Figure A – D).
Following plating of SV40 LT-HLF cells, there was

a lag phase of 0–48 h before the cells grew exponen-
tially. The population doubling time was 30.8 for cells

A B C 

D

Figure 1. Phase contrast microscopy of SV40LT-HFL cells. (A) Derived from one colony after 13 days of culture in medium with puromycin,
(B) from a single colony after 2 months with puromycin selection, (C) showing cells with two or three nuclei, typical of differentiating
hepatocytes and (D) control adult hepatocytes. Scale bar A, B & D = 10 mm, C = 40 mm.
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cultured for 2.5 months. The cultures were confluent
after 3 days and the cell numbers dropped following
another 3 days in culture. There was a relative quick
decrease in cell numbers when the culture reached
confluence indicating that the stable transfected cells
in the SV40 LT line inhibit growth via contact inhi-
bition as normal cells do.

Phenotypic characterization of SV40 LT
antigen-immortalized hFLCs

Expression of hepatic markers. Detection by immuno-
cytochemistry of human hepatocyte-specific proteins
in transfected fetal hepatocytes revealed expression of
albumin, both in early (p12) as well as late (p22)
passage cells. The cells also expressed hepatocyte
marker proteins, CK8 and CK18, as clear cytoplasmic
filamentous structures (Figure 2A). In general, the
staining was distributed equally in almost all the cells
both in early and late passages.

Cytochrome P450 3A4/7 isoenzymes are primarily
membrane-associated proteins believed to be the pre-
dominant cytochrome P450 isoforms, and were found
to be expressed in the cytoplasm of the transfected
cells (Figure 2B). Expression was seen both in early as
well as late passages. Furthermore, the transcription
factors HNF-1a and HNF-4a (Figure 2B) were
expressed in these SV40 LT-HFL cells. They were
detected in the nuclei of nearly all the cells. Also in
this case, these markers were expressed in early and
late passages. The biliary marker CK19 was also
found to be expressed in P12, albeit less intensely
in P22 (Figure 2C).

Expression of the SV40 LT antigen and tumor-
associated markers. As determined by immunocyto-
chemistry, virtually all SV40 LT-HFL cells that sur-
vived continuous puromycin selection expressed
SV40 LT antigen (Figure 3A and B). The nuclear
staining appeared to be of similar intensity (Figure 3A

SV40 LT HFL (P12) SV40 LT HFL (P22) 

A

CK8 CK18 ALB CK8 CK18 ALB 

B

CYP3A4/7 HNF-1α HNF-4α HNF-1α HNF-4αCYP3A4/7 

C

CK19 CK19 

Figure 2. Characterization of SV40LT-HFL cells. Immunofluorescent staining of SV40LT-HFL cells in passages 12 (left) and 22 (right)
showing in A, from left to right, the detection of cytoplasmic staining of hepatic markers CK8, 18 and albumin. The level of expression as
judged from the intensity of staining was similar in both passages. In B, the same cells are stained with the nuclear stain, DAPI. In A, from left to
right, positive cytoplasmic staining of CYP3A4/7 and nuclear staining of transcription factors HNF-1a and HNF-4a is seen in all cells. In B,
the same cells are stained with the nuclear stain, DAPI. In C, a small number of cells staining positive for the hepato-biliary marker CK19 was
detected in both early and late passages. (Magnifications 40�)
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and B). The SV40 large T antigen expression in SV40
LT-HFL cells was consistent during cell culture sug-
gesting stable integration into the host genome of the
plasmid encoding SV40 LT antigen. In addition, the
transfected cells did not stain positively for the cancer-
associated markers p53, MOC-31 or Ber EP4, while
the cancer cell line HepG2 cell line strongly expressed
MOC-31 and Ber EP4, but not p53 (Figure 3C).

Further, using immunocytochemistry we found
that the transfected cells expressed the liver specific
marker G-6-P and stored glycogen (Figure 3D).

Expression of progenitor cell markers using flow cytometry.
Hepatic progenitor cell markers such as EPCAM,
CD90 and CD133 [16] were detected in early

A

C
D

SV40LT‐HFL cells Hep G2
SV40LT‐HFL cells Hep G2

Ber EP4

MOC 31

P53

G-6-P

Glycogen

Negative control
Alexa 488

B

Figure 3. Staining of SV40 LT HFL cells for cancer-associated markers. (A) Immunofluorescent staining with an antibody to SV40 LT
antigen demonstrated strong expression of the SV40 LT antigen in nuclei of all the cells at passage 22, as revealed after staining of the same cells
with the nuclear stain, DAPI (B). (C) Immunofluorescent staining of SV40 LT-HFLcells in passage 11 and the liver cancer cell line, HepG2,
for cancer-associated markers Ber EP4, MOC-31 and p53. The SV40 LT-HFL cells were negative for all the three markers, while Hep G2 cells
were positive for Ber EP4 and MOC-31, but not p53. (D) Enzymatic staining of the transfected SV40 LT-HFL cells and liver cancer cell line
HepG2 cells showing the expression of glucose -6-phosphatase and glycogen in the transfected cells but not the cancer cell line Hep G2.
(Magnifications 20�).
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passages of SV40 LT-HFL cells (p11, p22), using
flow cytometry. However, later passages showed a
decreased expression of these markers (Figure 4A).
The cells however, did not express DLK-1 at any time
point. We also confirmed expressions of CK 8 and
albumin in the cells, which were strongly expressed in
both early and late passages. Interestingly, the cells
did not express the mesenchymal stem cell marker,
CD271. Further, the cells did not express the

hematopoietic stem cell marker, CD34, or the leuko-
cyte marker, CD45.

mRNA detection of liver markers by RT-PCR

To determine whether the immortalized cells retained
liver-specific protein expression, the cells were also
analyzed by RT-PCR. Results indicated that the
immortalized HFL cells were positive for some of
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Figure 4. Flow cytometric and RT-PCR analysis of SV40LT-HFL cells. (A) Flow cytometry of SV40LT-HFL cells showed expression of the
progenitor cell markers EPCAM,CD133 and CD90 in early passages with decreased expression in the later passages. Dlk-1 was not detected in
early or late passages (p11 and 22 respectively). In addition, the cells also expressed the hepatic markers albumin, CK 8, CK18, confirming our
immunocytochemical results. No expression of CD271 a mesenchymal stem cell marker was observed. The cells did not express the
hematopoietic marker CD34 or the leukocyte marker CD45. (B) RT-PCR analysis of SV40LT-HFL cells in passage 10 showing expression of
detoxifying factor CYP3A7, albumin and transcription factor HNF-4a. The cells however, did not express CYP3A4 found in adult
hepatocytes. b-actin was used as housekeeping gene. (C) HepG2 cells served as positive control, and expressed CYP3A4, CYP3A7,
HNF-4a, HNF-1b and albumin transcripts as revealed by RT-PCR.
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these markers, including albumin, HNF-4a
(Figure 4B). There was a pronounced difference in
the level of gene expression of CYP3A7 as compared
to that of CYP3A4, suggesting that the positive stain-
ing of the CYP3A isoenzymes can be attributed to
CYP3A7. Housekeeping gene was b-actin. Hep
G2 cells were used as control cells (Figure 4C).

SV40 HFL cells differentiate into mature hepatocytes
in vivo

To test whether SV40 LT-HFL cells have the poten-
tial to differentiate and be functional in vivo, we
transplanted these cells into mice that were first

treated with d-galactosamine to induce liver injury
followed by partial hepatectomy. The transplanted
cells differentiated into hepatocytes (Figure 5), and
formed bile ducts (Figure 5) at four weeks after
transplantation. We also observed clear areas of bile
ducts repopulated by human progenitors. These cells
stained positively with an antibody specific for human
CK19 (Figure 5). We found several clusters of cells
expressing human CK8, human c-Met and cells
expressing the hepatocyte-specific antigen (Figure 5)
in all of the five transplanted mice. A few AFP positive
cells were also found in the transplanted animals
(Figure 5). Furthermore, the transplanted cells did
not express the tumor suppressor marker p53 or the

CK8

Positive Con SV40 LT HFL Tx Sham

CK19

Hep.
Ag

AFP

C-MET

Figure 5. Expression of human liver-specific markers in the livers of nude mice transplanted with SV40 LT hFLCs. Two million SV40 LT
HFL were transplanted into the spleen of D-galactosamine treated nude mice that underwent 30% partial hepatectomy at the time of
transplantation. Immunohistochemistry was performed on fresh frozen liver sections of transplanted animals, and small clusters of human
CK8-, CK19-, hepatocyte specific antigen-, and c-Met-expressing, engrafted cells (dark red-brown) with hepatocyte morphology were
detected throughout the liver. Some cells expressing alphafeto protein were also detected. Biopsy sections from patients with liver cancer served
as positive control and staining of liver sections from sham transplanted animals served as negative control. HE was used as counter-stain.
(Magnification 40�.) CK, cytokeratin; Hep Ag, hepatocyte-specific antigen; AFP, alphafeto protein.
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cancer marker Ber-EP4 (Supplement S2, Figure 1).
As a note of interest no tumor formations were
observed grossly or histologically using hematoxylin
and eosin staining in any of the mice analyzed and the
architecture of the liver was found to be normal
(Supplement S2, Figure 2).
Immunofluorescence staining of transplanted mice

with an antibody specific to human albumin demon-
strated clusters of albumin positive human cells in all
five mice (Supplement S2, Figure 3). However, var-
iation in the expression of albumin was observed in
the individual animals, with some animals showing
several clusters of human albumin+ expression, while
in one animal only a few clusters of positive cells was
observed. Similarly, the transplanted mice (n = 5)
showed detectable but varied levels of human albumin
(03.39–221.30 ng/ml) compared to negative controls
(0 ± 0 ng/ml) as sham and normal animal, where
human serum albumin was not detected at all.
Importantly, using qPCR (core facility at Sahl-

grenska, Gothenburg, Sweden), we found that the
ct values for CYP3A4 in tx group animals (n = 3,
38.00 ± 0.33) varied with a log factor of 4 as compared
to those found in normal human liver (n = 3, 34.52 ±
0.13) (Supplement S2, Figure 3), indicating the pres-
ence albeit lower amount of CYP3A4 in the trans-
planted animals. However, CYP3A7 was not
detectable in the transplanted mice.

Discussion

In this study we describe the successful establishment
of a hFLC line by introduction of SV40 large
T antigen into normal primary HFL cells. The newly
established immortalized fetal hepatocytes revealed
morphologic characteristics of primary hepatocytes
in standard culture systems and expressed many liver
enriched markers, such as albumin, HNF-4, and
CYP3A4/7. Immunohistochemistry assay demon-
strated that the cells expressed liver-specific markers
such as G-6-P and glycogen. Importantly, using
cancer-associated markers such as these Ber-EP4,
MOC-31 or p53; we demonstrated that the trans-
fected cells in vitro and in vivo did not express any of
these markers. We succeeded in maintaining these
cells with stable morphology in vitro until p26 but not
more. After p26 the cells went into senescence, and
there were fewer cells as compared to our primary
fetal liver cells (passage 12 [17])
The markers, Ber-EP4 and MOC-31 have been

demonstrated to be expressed on a wide range of
normal and neoplastic human tissues, except hepato-
cytes, parietal cells, and apical cell layers in squamous
epithelia [18,19]. The oncogenic potential of the
SV40 LT antigen resides in part in its ability to

bind and inactivate many of the activities of the tumor
suppressor p53 [4,20,21]. However, our SV40 LT Ag
transfected cells did not stain positive for p53.
Furthermore, transplanted cells in vivo did not
demonstrate tumor formation at 4 weeks after trans-
plantation, or expression of p53 or Ber EP4. It is
important to state that further long-term in vivo exper-
imental studies are required to evaluate the tumori-
genic potential of the present cell line.
Thus, we have succeeded in establishing in vitro

expandable fetal liver progenitor cells by means of
immortalization and without inducing a transformed
phenotype and disrupting their differentiation poten-
tial. This cell line would facilitate studies on cell
engraftment and differentiation within the hepatic
parenchyma. In most cases, murine hepatic stem
cell lines have been used to study immortalization
and transformation in vitro [22,23]. However, char-
acteristics of murine stem cells cannot be extrapolated
to their human counterparts, therefore it is important
to establish human hepatic stem/progenitor cell lines
to study the molecular events involved in their pro-
liferation and differentiation in vitro as well as their
fate in vivo after transplantation.
Fluorescent immunohistochemistry of frozen

biopsy sections from transplanted mice and detection
of serum albumin (albeit low) by ELISA revealed the
functional status of the SV 40 cells. Flow cytometric
analysis showed that in the early passages, these cells
were positive for the hepatic progenitor cell markers
[24], EPCAM, CD133 and CD90 and but not
DLK-1, CD34 or CD45 indicating the nonhemato-
poietic origin of these cells. Interestingly, unlike our
primary human fetal liver precursors, the hepatoma
cell line Hep G2 was found to strongly express the
leukocyte marker CD45 (data not shown), confirming
the hematopoietic origin of these cells.
In the present study, we studied the expression of

two important CYPs: CYP3A7 and CYP3A4 by RT-
PCR and immunocytochemical assays. CYP3A7 is
normally expressed in abundance in fetal livers. On
the other hand, CYP3A4 is believed to be the pre-
dominant cytochrome P450s expressed in adult
human liver and is involved in the oxidation of the
largest range of substrates of all the CYPs. Our results
demonstrated that, the transfected cells expressed the
genes and proteins in vitro. However, after transplan-
tation we found that transplanted mice expressed low
amounts of CYP3A4, but no expression of CYP3A7,
indicating that the in vivo conditions are conducive
for differentiation of the immature fetal liver cells.
Furthermore we studied the expression of two impor-
tant transcription factors: HNF 4a and HNF-1a.
HNF-4a is required for the PXR and CAR-
mediated transcriptional activation of CYP3A4 and
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is a transcription factor that is involved in the regu-
lation of the expression of several liver specific genes
[25]. HNF-1a (hepatocyte nuclear factor 1, homeo-
box B), is encoded by the transcription factor 2 gene,
a liver-specific factor [25]. We found that the
SV40 cell line expressed both these important tran-
scription factors. Therefore, these immortalized
SV40LT-HLF cells may be useful for the develop-
ment of diagnostic tools for toxicity studies.
In conclusion, we have established a SV40 LT-

HFL cell line which preserved morphological and
functional characteristics of normal HFL cells, dif-
ferentiated in culture, had an increased growth
capacity and so far have retained a stable phenotype
up to p26. Further protocols to differentiate these
cells into stable mature hepatocytes expressing a wide
repertoire of the heptocyte markers are required and
such studies are currently underway in our
laboratory.
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